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of spin may serve to suggest targets for novel drugs plasticity (Steward and Schuman, 2001), but evidence
potentially useful for NCL therapy. Whether or not spin linking local synthesis in dendrites, synaptic plasticity,
analyses prove valuable for treatment of NCLs, the in- and memory in intact animals has been lacking. Now,
vestigation of the synaptic defects in spin and of their using gene targeting techniques to eliminate dendritic
origins has opened the door to a wide range of interest- localization of the mRNA for the  subunit of calcium/
ing and important research. calmodulin kinase II (-CaMKII), Miller et al. (2002) have
provided the strongest evidence yet that local synthesis
in dendrites is critical for late phase LTP and memorySubhabrata Sanyal1 and Mani Ramaswami1,2
consolidation.1Department of Molecular and Cellular Biology and
There is abundant evidence that -CaMKII plays a2 ARL Division of Neurobiology
critical role in the signal transduction processes thatUniversity of Arizona
induce LTP (Lisman et al., 2002). In addition, the mRNATucson, Arizona 85721
for -CaMKII is one of the few mRNAs that is present
Selected Reading throughout dendrites, raising the possibility that -CaMKII
protein that is locally synthesized may be incorporated
Aberle, H., Haghighi, A.P., Fetter, R.D., McCabe, B.D., Magalhaes,
into synapses that are being modified, altering their sig-T.R., and Goodman, C.S. (2002). Neuron 33, 545–558.
naling capabilities. To test this hypothesis, it is critical
Davis, G.W., and Goodman, C.S. (1998). Curr. Opin. Neurobiol. 8,
to block local synthesis of -CaMKII in dendrites while149–156.
preserving overall expression of the protein. Miller et al.DiAntonio, A., Haghighi, A.P., Portman, S.L., Lee, J.D., Amaranto,
(2002) accomplish this by creating a mutant mouse inA.M., and Goodman, C.S. (2001). Nature 412, 449–452.
which most of the 3UTR of -CaMKII mRNA, which isDi Fiore, P.P., and De Camilli, P. (2001). Cell 106, 1–4.
necessary for dendritic targeting of the message (May-Hayes, S., Chawla, A., and Corvera, S. (2002). J. Cell Biol. 158,
1239–1249. ford et al., 1996), was replaced by the 3UTR of bovine
growth hormone.Hofmann, S.L. (2002). Curr. Mol. Med. 2, 407–483.
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moda, L., Lukacsovich, T., Suzuki, K., Sezaki, M., Sano, Y., et al. tant mice revealed that -CaMKII mRNA lacking the
(2001). Mol. Cell. Biol. 21, 3775–3788. 3UTR targeting sequences remained tightly localized
Narayanan, R., Kramer, H., and Ramaswami, M. (2000). J. Neurobiol. in neuronal somata, in contrast to wild-type -CaMKII
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mRNA that is localized throughout dendrites. These re-
Prior, I.A., Harding, A., Yan, J., Sluimer, J., Parton, R.G., and Han-
sults elegantly confirm that targeting elements withincock, J.F. (2001). Nat. Cell Biol. 3, 368–375.
the 3UTR are necessary and sufficient for dendritic lo-
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calization of -CaMKII mRNA, and also provide new
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Dendritic Localization of -CaMKII mRNA: Role
in Maintaining -CaMKII Protein Levels
in Postsynaptic Densities?
mRNA at Synapses, Dendrites and especially postsynaptic densities (PSDs)
contain large amounts of -CaMKII protein, which couldSynaptic Plasticity,
be synthesized on site from the mRNA that is presentand Memory Consolidation in dendrites or could be synthesized in the neuronal cell
body and then delivered throughout dendrites. Miller et
al. (2002) found that the overall levels of -CaMKII pro-
tein were reduced to about 45% of control levels inMiller et al. (this issue of Neuron) report that deletion
3UTR mutant mice, and the level of -CaMKII protein inof the 3UTR of -CaMKII mRNA prevents dendritic
postsynaptic densities was reduced to an even greaterdelivery of the mRNA in transgenic mice and thus local
extent (to 17% of control), suggesting that local synthe-synthesis of -CaMKII protein in dendrites. 3UTR mu-
sis is critical for maintaining the levels of -CaMKII pro-tant mice exhibit decreases in -CaMKII protein in
tein in PSDs. It cannot be excluded, however, that trans-postsynaptic densities, and deficits in late phase LTP
lational control is disrupted because the 3UTR ofand in memory consolidation.
-CaMKII contains elements that regulate translation,
including two cytoplasmic polyadenylation elementsIt has been 20 years since the report describing a selec-
(CPEs, see Wells et al., 2001), which are missing in thetive localization of polyribosomes beneath postsynaptic
3UTR mutant animals. The absence of CPEs might elim-sites on dendrites, in which it was hypothesized that
inate the translational repression that comes from shortsynapse-associated polyribosome complexes could be
poly-A tails, but at the same time eliminates an elementthe site of synthesis of proteins that were critical for
that is responsible for increasing translation in responsesynaptic plasticity and memory consolidation (Steward
to synaptic activity. Whatever the mechanism for theand Levy, 1982). Much has been learned about the
reduction in -CaMKII protein levels, the substantial re-mechanisms underlying mRNA targeting to dendrites,
and the role of dendritic protein synthesis in synaptic duction in -CaMKII in the PSD represents an important
Previews
339
complication for the functional analyses (more on this bringing about the late phase modifications, but instead
would create a signal transduction-competent synapse.below).
Physiological Consequences of Mislocalizing In this case, the entire story regarding local synthesis
of protein would be unrelated to the fact that late phase-CaMKII mRNA
Appropriate patterns of stimulation induce an enduring LTP and memory consolidation require protein synthesis
during the period after synaptic activation (in the caseform of LTP in the hippocampus, the late phase of which
is blocked by inhibiting protein synthesis during a critical of LTP) or training (in the case of memory).
The possibility that the 3UTR mutation makes thetime window after induction. Thus, blockade of local
synthesis in dendrites might be expected to cause ef- synapse less permissive for LTP arises because the 3UTR
mutation caused a substantial reduction in the steady-fects similar to what is seen following complete protein
synthetic blockade. In fact, Miller et al. (2002) found that state levels of -CaMKII protein in PSDs. This is an
important concern because -CaMKII plays a criticalthe initial increase in response amplitude following high-
frequency stimulation was comparable in 3UTR mutant signaling role at the synapse, especially for the signal
transduction events that are triggered by NMDA recep-and controls, whereas LTP in 3UTR mutant animals
began to decay between 1 and 2 hr after induction. tor activation and Ca2 influx (Lisman et al., 2002). Conse-
quently, the reduction in -CaMKII protein levels in theNevertheless, response amplitude was still elevated
about 75% above pre-stimulation baseline at 4 hr in PSD could fundamentally alter postsynaptic signal
transduction cascades induced by synaptic activation.3UTR animals, indicating that substantial late phase
LTP can be maintained for many hours in the absence One could argue that this possibility is rendered less
likely by the fact that the initial phase of LTP is similarof local synthesis of -CaMKII protein in dendrites. It
would be informative to determine whether the late in 3UTR mutant and control animals. The problem, how-
ever, is that the increase in synaptic efficacy is only onephase LTP that is seen in 3UTR mutant mice is sensitive
to protein synthesis inhibition. If so, this would imply of several events triggered in the postsynaptic cell by
NMDA receptor activation. NMDA receptor activationthat enduring synaptic modifications are less robust,
but are still present. Given that synaptic activation in triggers immediate increases in synaptic efficacy, acti-
vates MAP kinase, and induces IEGs, but it is not yetnormal animals triggers an increase in -CaMKII protein
levels (Ouyang et al., 1999), it would also be informative known whether these different processes occur in series
or in parallel.to assess whether synaptic activation in 3UTR animals
triggered a similar increase in -CaMKII protein levels One way to eliminate the possibility of differences in
signal transduction would be to create a 3UTR mutantin dendrites and PSDs as a result of protein transport
from the cell body, which might be less efficient, but mouse in which the steady-state levels of -CaMKII pro-
tein in the PSD were near normal. If the deficits in latestill accomplish the same end as local synthesis.
Miller et al. (2002) go on to demonstrate a relationship phase LTP and memory consolidation were still seen,
this would compel the interpretation that it was localbetween the deficits in late phase LTP and memory
consolidation in tasks that involve the hippocampus (the synthesis of the protein that was critical, not the overall
levels of -CaMKII protein in PSDs. There is, however,Morris water maze and contextual fear conditioning), as
well as in tasks that involve other brain regions (cued another variant of the idea that local synthesis could
determine signal transduction capabilities in a way thatfear conditioning). The nature of the memory deficit was
what would be predicted by the deficit in late phase is unrelated to the overall levels of -CaMKII protein.
This idea springs from the fact that signal transductionLTP; initial learning was comparable in 3UTR mutant
and control animals whereas retention at 24 hr after at the synapse is mediated by multiprotein assemblies
that include the NMDA receptor,  and  subunits oftraining was deficient in the mutant mice. Because LTP
was assessed for only 4 hr post-stimulation whereas CaMKII, and other proteins (Grant and O’Dell, 2001). It
is not yet known how these multiprotein assemblies arememory was tested at 1 hr and 24 hr post-training, it is
not possible to directly compare the extent of the deficit constructed, but they probably require precise stoichi-
ometry. Local synthesis of certain proteins might bein late phase LTP and the extent of the memory deficit.
Local Synthesis of -CaMKII Protein, Permissive necessary to allow particular proteins to be properly
assembled into the multiprotein complex. For example,or Part of the Mechanism of Change?
How might the elimination of local synthesis of-CaMKII co-translational assembly may be required for certain
proteins that fold after they are fully synthesized intoprotein in dendrites interfere with late phase LTP and
memory consolidation? Two general possibilities come shapes that block sites that are required for protein-
protein interactions (for a further discussion of this idea,to mind. One is that the synaptic changes that underlie
late phase LTP and memory consolidation require local see Steward and Worley, 2001). If this applies to
-CaMKII, then -CaMKII protein that is not locally syn-synthesis of -CaMKII in dendrites during the period
after the synaptic activation/training. In this case, local thesized may not be properly co-assembled with other
proteins making up the signal transduction complex. Insynthesis would be part of the mechanism through
which synaptic modifications were rendered. Miller et al. this case, signal transduction cascades triggered by
NMDA receptor activation may be deficient in 3UTR(2002) appear to favor this general class of mechanisms.
The alternative possibility is that local synthesis is re- mutant animals even if -CaMKII protein was present
at normal levels in the PSD.quired to maintain high levels of -CaMKII protein in the
PSD, which in turn is important for the signal transduc- Is there a way to distinguish between the possibility
that local synthesis of -CaMKII protein is critical fortion events that are critical for late phase LTP. In this
case, local synthesis itself would not play a direct role in enabling signal transduction versus the possibility that
Neuron
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The transition from short-term (STM) to long-term mem-local synthesis is part of the mechanism through which
ory (LTM) is marked by a process known as consolida-the modification in synaptic strength is rendered? It
tion, in which the initially fragile memory trace is solidi-would be instructive to compare MAP kinase activation
fied and made more permanent through a variety ofand immediate early gene (IEG) induction in 3UTR mu-
neural mechanisms (McGaugh, 2000). It has becometant and control animals. If these signal transduction
commonplace to distinguish between consolidation ascascades were not activated to the same degree, this
observed at a systems and a cellular level of analysis,would suggest that local synthesis was critical for creat-
although it is generally assumed that the two are closelying the multiprotein signaling complex that triggers LTP.
related. Systems consolidation refers to the processIf MAP kinase was activated and IEGs were induced to
by which new declarative memories, which are initiallya normal degree in 3UTR mutant animals, this would
dependent on the hippocampus, eventually lose theirsupport the idea that local synthesis was critical for the
sensitivity to hippocampal manipulations, presumablyactual rendering of the synaptic modification.
because they are stored in other brain regions such as
the cortex (Squire and Alvarez, 1995). Cellular consolida-
tion encompasses processes such as activation of sec-Oswald Steward
ond messenger cascades, induction of gene transcrip-Reeve-Irvine Research Center
tion, and synthesis of proteins, which underlie theDepartment of Anatomy and Neurobiology
biochemical and morphological changes in neurons thatDepartment of Neurobiology and Behavior
mark the transition from short-term to long-term formsUniversity of California at Irvine
of plasticity (Bailey et al., 1996). Disruption of consolida-Irvine, California 92697
tion at either level, as with posttraining hippocampal
lesions or infusions of protein synthesis inhibitors, typi-
cally has little effect on STM but severely disrupts LTM.
Selected Reading
Historically, consolidation has been viewed as a unidi-
rectional process affecting only newly acquired memo-Grant, S.G.N., and O’Dell, T.J. (2001). Curr. Opin. Neurobiol. 11,
ries. Thus it is assumed that a memory, once consoli-363–368.
dated, never returns to the labile state in which it wasLisman, J.E., Schulman, H., and Cline, H. (2002). Nat. Rev. Neurosci.
maintained following encoding but instead achieves a3, 175–190.
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challenges have also arisen that have cast doubt on theOuyang, Y., Rosenstein, A., Kreiman, G., Schuman, E.M., and Ken-
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memory traces to disruptive influences for a period of
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of behavioral deficits following memory reactivation and
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seminal study of Nader, Schafe, and LeDoux (2000),
demonstrating that a reactivated fear memory is sensi-
tive to intra-amygdalar, postreactivation infusions of the
protein synthesis inhibitor anisomycin. This phenome-
non has been taken as suggestive of a reconsolidationSystems-Level Reconsolidation:
process in which an activated, consolidated memoryReengagement of the Hippocampus trace returns to a state of lability and must undergo
with Memory Reactivation consolidation once more if it is to remain in long-term
storage.
The contemporary literature on reconsolidation em-
phasizes the involvement of cellular processes such as
NMDA receptor activation, CREB phosphorylation, and
Certain types of memories are dependent on the hip- protein synthesis in the maintenance of a reactivated
pocampus for a short period of time following training, memory trace (Kida et al., 2002; Przybyslawski and Sara,
after which they are no longer susceptible to hippo- 1997; Taubenfeld et al., 2001). However, the observation
campal manipulations. Having completed this initial that recalled memories seem to be returned to an earlier
consolidation process, a memory may once again en- level of processing begs the question as to whether
gage the hippocampus (undergo reconsolidation) when reconsolidation might also be observable on a systems
recalled. Two studies in the current issue of Neuron level of analysis. In other words, is it possible that fully
(Debiec et al., 2002, and Milekic and Alberini, 2002) consolidated memories, which have become indepen-
make important advances in our understanding of re- dent of the hippocampus and presumably are stored
consolidation but reach different conclusions about within other brain structures, might reengage the hippo-
campus for further processing and reconsolidation eachthe modifiability of old memories.
